Introduction
Imogolite is a hydrated aluminosilicate with a unique tubular structure, which is found in volcanic ash soil and is shown in Figure 1 . It was first discovered in glassy volcanic ash soil in Japan and was named after the soil in Hitoyoshi, Kumamoto Prefecture [1] . Its chemical composition is (OH)3Al2O3Si(OH). The tubular structure of imogolite was proposed by Cradwick et al. [2] based on results from electron diffraction observation and is shown in figure 2 . The tube wall consists of a single continuous Al(OH)3 (gibbsite) sheet and orthosilicate anions (O3SiOH groups) associated with each vacant octahedral site of the gibbsite sheet. The imogolite has an outer diameter of ca. 2 nm and an inner diameter of ca. 1 nm. Recently, imogolite has drawn a new attention as a new nano-material because of its unique nano-scale tubular structure similar to that of a single-walled carbon nanotube [3] . Studies on synthesis [4] [5] [6] [7] [8] [9] , mechanisms of formation [10] , structural evolution [11, 12] , stability [13, 14] , electronic states [14, 15] and application have been carried out. Proposed applications, such as a polymer composite [16, 17] , a fuel gas storage [18] , an absorbent [19] , an exchange material for heat pump system [20] , a humidity-controlling material [6] and an antideweling material [6] have been discussed. Application as a catalyst or a catalyst support also attracts attention because it is expected to have a shape-selective characteristic property as molecular sieving zeolites due to its unique tubular structure. However, few investigations [21, 22] have been reported using natural imogolite as a catalyst because the extraction of pure imogolite from the soil is difficult and time consuming [21] . Therefore, synthesis of imogolite has become necessary in order to utilize it as a functional material.
We synthesized imogolite containing Fe 3+ ions (Fe-imogolite) using NaSiO4, FeCl3 and AlCl3 to investigate its catalytic properties [23] . Because of its chemical stability, an incorporation of another element is necessary to generate a chemical function. We found that it served as a catalyst of liquid-phase oxidation reactions of some hydrocarbons.
In this chapter, the synthetic methods, characterization and the general properties of imogolite is described at first. And then the characterization and catalytic properties of Feimogolite obtained from our researches is described.
Synthetic imogolite
In the latter half of the 1970's, synthesis of imogolite was succeeded from a dilute solution. Recently, various synthesis methods have been investigated and many characterizations have been carried out. In this section, synthesis methods, structural characterization and catalytic properties of synthetic imogolite are described.
Synthesis method of imogolite
Farmer et al. reported [24] the synthesis method of imogolite in 1977. Imogolite was synthesized from a dilute solution containing of hydroxyaluminum cations (2.4 mmol L -1 ) and orthosilicic acid (1.4 mmol L -1 ). Afterward, the solution was adjusted to pH 5 with sodium hydroxide, 1 mmol L -1 of hydrochloric acid solution and 2 mmol L -1 of acetic acid. Imogolite was obtained in this solution by heating it near the boiling point. Wada et al. [25] later also investigated the effects of Al-to-OH -(as sodium hydroxide) ratio to synthesizing imogolite and allophane using a dilute inorganic solution.
A diluted inorganic solution is necessary to form imogolite in these methods, because preventing the condensation of orthosilicic acid and the formation inhibition of it by anions is important to form the nanotube structure. However, it is difficult to obtain a large sample. Suzuki et al. [6] developed a synthetic method of producing imogolite using a concentrated inorganic solution. Sodium orthosilicate was used as a starting material to prevent the condensation of orthosilicic acid. Furthermore, a desalination process is carried out by centrifugation. We have synthesized Fe containing imogolite based on improving Suzuki's method which will be described below in detail.
More recently, new synthesis methods of imogolite have been reported. Levard et al. [8] synthesized it from a decimolar concentration solution at 95 °C for 60 days. Abidin et al. [9] proposed a new supplying method of a silicon source using colloidal silica for the synthesis of imogolite.
Characterization of imogolite

Morphology
Transmission electron microscopy (TEM) or scanning electron microscopy (SEM) is used mostly in order to observe the morphology and structure of imogolite nanotubes. Figure 3 shows an SEM image of synthetic imogolite.
Bursill et al. [2] have observed the various aggregations of them such as randomly oriented single tube, close-packed arrays or fiber bundles by high resolution TEM.
On the other hand, atomic force microscopy (AFM) is a powerful tool to investigate them under ambient conditions. The tapping-mode AFM especially shows the morphological features of the synthetic imogolite clearly [26, 27] . Figure 4 shows the tapping mode AFM image of synthetic imogolite. Fibrous materials with a length of 100 -1000 nm can be observed in this image. 
Structural characterization
The analytical methods, such as X-ray diffraction (XRD), infrared (IR) spectroscopy and solid state nuclear magnetic resonance (NMR) are used in order to identify or characterize imogolite. In this section, the features of imogolite obtained using these analytical methods are mentioned.
The XRD profiles which were obtained by Cu K irradiation are given in Figure 5 . Imogolite is characterized by three broad peaks in the low angle region. There are three peaks at 2= 5.1°, 11° and 15.6° in the XRD profile of natural imogolite and at 2= 4.6°, 9.6° and 14.3° in that of synthetic imogolite. The difference in peak position is due to the difference in the diameter of a tube of a natural and synthetic imogolite [7, 24] . The diameter of 1.8 -2.2 nm in natural imogolite [1] and 2.7 -3.2 nm in synthetic imogolite [25] were reported.
FT-IR spectra of Natural and synthetic imogolite, which are shown in figure 6 , have a characteristic absorption that appears as a doublet at around 1000 cm -1 . These absorptions are attributed to Si-O (higher frequency) and Si-O-Al (lower frequency) stretching [28] . These samples also have some absorption bands in the region from 400 cm -1 to 750 cm -1 . The absorption bands at 685 cm -1 , 563 cm -1 and 427 cm -1 in natural imogolite arise from various Al-O vibrations [29] .
Imogolite is also characterized by 29 Si and 27 Al solid state NMR [30] [31] [32] [33] [34] . Magic angle spinning (MAS) techniques are used in general in order to obtain a high resolution NMR spectrum of sold state. Goodman et al. [34] have carried out 29 Si and 27 Al MAS NMR measurements of synthetic imogolite. The peak is observed at -78.8 ppm in 29 Si MAS NMR spectrum of it as well as natural imogolite. Barron et al. [30] have shown that the observed chemical shift of natural imogolite is consistent with silicon tetrahedra which are isolated by coordination through oxygen with three aluminum atoms and one proton. On the other hand, 27 Al MAS NMR spectrum of imogolite has one peak at 0 ppm and it is attributed to the six coordinated octahedral Al 3+ species [31] [32] [33] [34] . 
Thermal transformation of synthetic imogolite
The differential thermal analysis (DTA) and thermo gravimetric analysis (TGA) traces of synthetic imogolite are shown in Figure 7 . Two broad endothermic peaks with a weight loss and an exothermic peak without a weight change were observed. MacKenzie et al. [31] investigated thermal transformation of natural imogolite by using DTA-TGA, 29 Si MAS NMR and 27 
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imogolite are explained based on their literature. The endothermic peaks at 110 °C and 400 °C were attributed to the loss of adsorbed water and dehydroxylation, respectively. Amorphism of imogolite occurred by these dehydroxylations. The exothermic peak at 950 °C was attributed to crystallization to mullite (Al6Si2O13). Donkai et al. [11] investigated thermal transformation of natural imogolite up to 1600 °C using XRD and IR and reported the formation of tridymite (SiO2) with mullite crystals above 1200 °C. Hatakeyama et al. [34] investigated the transformation heat-treated synthetic imogolite by using 27 Al MAS NMR and 27 Al multiple-quantum magic-angle-spinning (MQMAS) NMR. These results show five-and four-coordinated Al is formed above 350 °C in amorphous materials clearly.
Catalytic properties
It has been known that imogolite has surface acidity [35] . The acid strength of it is increased by heat treatment. Natural imogolite calcined at various temperatures were used as catalysts for the isomerization of 1-butene [21] . This reaction proceeded effectively over samples calcined at 400 °C. The decomposition reaction of organic peroxides also was investigated using Cu 2+ loaded imogolite calcined at 500 °C. Furthermore, it was mentioned that imogolite calcined at temperature up to 750 °C exhibited the shape selective adsorption. Bonelli et al. [36] have studied in situ IR spectroscopy of synthetic imogolite which adsorbed CO, ammonia, methanol or phenol and catalytic tests using gas-phase phenol reactions with methanol. They showed that a small amount of Al 3+ Lewis acid sites to adsorb CO existed, the adsorbed ammonia on imogolite evacuated at 150 °C was observed as NH4 + species and, in addition, a probe such as CO, ammonia, methanol or phenol could interact with inner silanols. The reaction of phenol with methanol was performed over imogolite after thermal treatment at 300 °C and at 500 °C. The activity was shown over samples heated at 500 °C and o-cresol and anisole were obtained as products.
We have investigated the acidic property of imogolite without heat treatment [37] . At first, we attempted an isomerization reaction of -pinene on synthetic imogolite. It is known that the isomerization products of -pinene depend on the acid or base property of the catalyst. In the case of acid catalysts, -pinene isomerize to limonene, camphene and tricyclene [38] . Prior to the reaction imogolite was dried at 120 °C for 12 hours. The isomerization reaction of -pinene was carried out at 80 °C for 3 hours or 24 hours using an evacuated batch reactor. In a typical experiment, the reactor was loaded with 12.6 mmol of -pinene and 50 mg of catalyst. The -pinene did not react on it. It was reported that imogolite had a weak acid property, however it was not detected in this reaction.
Although isomerization of -pinene did not occurre, some oxidation products of it were detected slightly. So the oxidation reaction of cyclohexene using hydrogen peroxide was carried out to test the possibility as an oxidation catalyst.
In a typical catalytic experiment for oxidation [38] , the reaction was carried out by using 25 mmol of cyclohexene, 25 mmol of H2O2 (30 wt%) and 30 ml of acetic acid or acetonitrile as a solvent with 100 mg of catalyst under being stirred at 50 °C. The results of the oxidation reaction of cyclohexene with H2O2 are listed in Table 1 . Without a catalyst the oxidation products such as trans-1,2-cyclohexanediol, cis-1,2-cyclohexanediol and 2-cyclohexene-1-ol were observed using acetic acid as solvent. With imogolite the yield of these oxidation products was increased, but the selectivity was almost the same as the control experiment. This result indicates that imogolite has the potential of concentration and acts as a field of reaction to increase collision frequency. In the case of using acetonitrile as the solvent, the oxidation products were not detected for 27 hours of reaction time. In the case of imogolite, 2-cyclohexene-1-ol and 1,2epoxycyclohexene were produced with 0.5 % and 0.8 % yields, respectively. This results shows that imogolite has the possibility as an oxidation catalyst.
Fe-imogolite
Although we found the new possibility of synthetic imogolite as an oxidation catalyst, a chemical modification of imogolite like an introduction of Fe 3+ ion was necessary to promote the reaction because imogolite is chemically stable. In this section, our results of the synthetic method, characterization and catalytic test of Fe-imogolite are described.
Synthesis of Fe-imogolite
Fe-imogolite was synthesized based on improving Suzuki's method [6, 7] . The typical method [23] is described here and its flowchart is shown in Scheme 1.
1. We prepared 100 mL of 0.15 mol L -1 aqueous solutions consist of FeCl3 and AlCl3 with x = 0.05 (x = Fe/Al+Fe, atomic ratio). Another way of saying, 0.00075 mol FeCl3・6H2O and 0.01425 mol AlCl3・6H2O were dissolved in 100 mL of water. 2. 100 mL of 0.1 mol L -1 Na4SiO4 aqueous solution was prepared. 3. Na4SiO4 aqueous solution was added to AlCl3 and FeCl3 mixture and the solution was stirred for 90 minutes. 4. 0.1 mol L -1 NaOH aqueous solution was added to the solution consist of Na4SiO4, FeCl3
and AlCl3 at the rate of 1.0 mL min -1 under stirring until the pH of the mixture become 5.5.
5.
The salt-free precursor was obtained from thick solution by centrifugal separation three times. 6. It was dispersed in 2 L of water and 40 mL of 0.1 mol L -1 HCl was added. 7. The solution was stirred for two hours at room temperature. 8. It was aged at 100 °C for 40 hours. 9. This aging solution was dialyzed and then dried at 100 °C for two days. 10. The film-like Fe-imogolite was obtained. Scheme 1. Flowchart of a synthetic method of Fe-imogolite.
Characterization of Fe-imogolite
Fe containing samples with x = 0, 0.05, 0.1 were prepared in order to survey the effect of Fe 3+ contents in starting solutions to formation of imogolite nanotubes,. The XRD profiles and IR spectra of these samples are shown in Figure 8 .
As mentioned above, imogolite (x = 0) was characterized by three broad peaks in the low angle region of the XRD profile and a doublet at around 1000 cm -1 in the FT-IR spectrum. In the case of x = 0.1, it lacks the three broad peaks in XRD and a doublet in FT-IR, meaning the sample does not have the imogolite structure. In the case of x=0.05, the XRD profile and FT-IR spectrum were similar to the imogolite. The intensity of the three broad peaks is weaker than that of imogolite because XRD measurements were carried out using Cu K irradiation. The color and the profiles of XRD and FT-IR indicate the sample with x=0.05 is considered Fe containing imogolite and is thus called Fe-imogolite. In order to investigate the state of iron ions in Fe-imogolite, it was compared with the Fe 3+ ion adsorbed on imogolite The adsorbed Fe 3+ ions sample was prepared by adsorbing FeCl3 onto imogolite from aqueous solution of FeCl3 and is called FeCl3/imogolite. These samples are both reddish brown and the absorption bands of them were observed at the region above 15,000 cm -1 in diffuse reflectance ultraviolet visible (UV-VIS) spectra (Figure 9 ). The absorption bands of Fe 3+ in many minerals are observed in this region.
It has been known that when the tetrahedral species of Fe 3+ exist, the pre-edge peak appears strongly in X-ray absorption near edge structure (XANES) spectra. XANES spectra of Fe Kedge (7.111 keV) are shown in Figure 10 . The pre-edge peak was not observed in the spectrum of Fe-imogolite nor FeCl3/imogolite or Fe2O3. Thus it is clear that the state of iron in Fe-imogolite is octahedral Fe 3+ ion from the results of UV-VIS and XANES spectra. Figure 11 shows their Fourier transforms (FT) spectra of Fe-imogolite, FeCl3/imogolite and Fe2O3. FT spectrum as radial structure function was obtained by Fourier transformation of k 3 -weighted extended X-ray absorption fine structure (EXAFS) function. The FT spectrum of Fe-imogolite is different to that of FeCl3/imogolite or Fe2O3. It can be concluded that the state of Fe 3+ in Fe-imogolite is different to the state of Fe 3+ ions adsorbed on imogolite. We speculate that Fe 3+ replaced the Al 3+ sites in imogolite from these results.
The tapping mode AFM image of Fe-imogolite is shown in figure 12 [39] . The fibrous morphology was observed similar to the synthetic imogolite. It was found that the tube diameter was almost uniform and estimated to be 2.2-2.4 nm from section analysis. 
Oxidation of hydrocarbons using Fe-imogolite catalyst
Oxidation of cyclohexene [23]
The oxidation of cyclohexene was carried out using cyclohexene, H2O2 and acetonitrile as a solvent with catalysts under being stirred at 50 °C for 24 hours. No product was detected without a catalyst. In the case of imogolite, 2-cyclohexene-1-ol and 1,2-epoxycyclohexane (EP) were produced slightly as stated above. EP was also detected in separate experiments using gibbsite, boehmite and Al2O3 as catalysts. Mandelli et al. [40] have reported the epoxidation of cyclohexene using H2O2 over Al2O3. It was attributed that these oxidation compounds may be produced on the outer surface of the imogolite. The oxidation reaction was promoted by Feimogolite and not only alcohol and epoxy compounds but trans-1,2-cyclohexanediol, cis-1,2cyclohexanediol and 2-cyclohexene-1-one were also obtained as products. [23, 39] Phenol is one of the most important chemicals in the fields of fiber and medicine manufacturing. More than 90% of phenol is produced by the cumen process, which is a three-step process and produces acetone as a by-product. The development of a one-step process for phenol synthesis by the direct oxidation of benzene is important when concerned with green chemistry as an environment-friendly technique. It was found that benzene or other aromatic hydrocarbons were oxidized by H2O2 over Fe-imogolite. These results are described.
Oxidation of aromatic hydrocarbon
The reaction of benzene was carried out using 2 mmol of benzene, 11 mmol of H2O2 and 10 mL of acetonitrile as a solvent with 100 mg of catalyst under being stirred at 60 °C. The p r o d u c t s w e r e a n a l y z e d b y G C -M A S S . T h e c o n v e r s i o n o f H 2O2 was determined by a volumetric analysis with KMnO4. Figure 13 shows the results of oxidation reactions of benzene using H2O2 and compounds containing Fe. None of the oxidation products were detected without catalysts and with FeCl3/imogolite, Fe2O3 (hematite) and -FeOOH (goethite) as a catalyst. It is an interesting finding that only phenol was obtained as an oxidation product by GC-Mass using Feimogolite [23] .
The oxidation reactions of benzene using four solvents were examined. The results are summarized in Table 2 . None of oxidation products were detected in the case of acetic acid and propionic acid as a solvent. It was found that acetonitrile was the most effective for this reaction among the examined solvents. Although the solution turned palish yellow using acetonitrile as a solvent, after the reaction the absorption due to the Fe 3+ ion was not detected in UV-VIS absorption spectrum. It was suggested that the origin of the coloring could be phenolic tars that could not detected by GC-Mass. A conversion of H2O2 was high with all solvent and H2O2 efficiency was 2 % using acetonitrile as a solvent. Thus, the decomposition of H2O2 was only caused by using other solvents except for acetonitrile.
The results of the oxidation reaction of aromatic hydrocarbons using Fe-imogolite as a catalyst are summarized in Table 3 [39] . Hydroquinone and catechol were produced as products from phenol by the oxidation with H2O2. o-Chlorophenol and p-chlorophenol were produced from chlorobenzene. When the side chain is OH group or Cl group, only the benzene ring was oxidized and the ortho and para isomers were obtained. Benzaldehyde, ocresol and p-cresol were produced from toluene. In the case of benzaldehyde, most of the oxidation product was benzoic acid. Table 2 . The effects of solvents on the oxidation of benzene [39] . Catalyst Fe-imogolite, temperature = 60 °C, time = 6 h, benzene = 2 mmol, H2O2 = 11.5 mmol, solvent = 10 mL When the side chain is a hydrocarbon group such as methyl, both the benzene ring and the side chain group were oxidized. It was found that the side chain group was more easily oxidized.
Monfared and Amouei [41] have reported direct oxidation reactions of benzene or some aromatic hydrocarbon compounds over Fe 3+ loaded Al2O3 (Fe 3+ -Al2O3) with H2O2 in acetonitrile. In their system, however, o-cresol and m-cresol as main products were produced from toluene and no oxidation compounds were produced from phenol. It has been shown that the oxidation property of a Fe-imogolite catalyst is different from that of a Fe 3+ -Al2O3 catalyst. [42, 43] Oxidation of cycloxane under mild conditions have been very interesting and have attempted widely [44] . Since the oxidation takes place not only on aromatic rings but on methyl groups by H2O2 in acetonitrile over Fe-imogolite catalysts, other organic compounds such as saturated hydrocarbons could be oxidized under this reaction condition. We examined the oxidation of cyclohexane using this catalyst. 
Oxidation of cyclohexane
OH
COOH OH CHO
The reaction of cyclohexane was carried out using 2 mmol of cyclohexane, 10 mmol of H2O2 and 10 ml of acetonitrile as a solvent with 50 mg of catalyst under being stirred at 60 °C for 3 hours. The products were analyzed by GC-Mass and GC with FID detector. The oxidation products were hardly detected without catalysts. With Fe-containing imogolite as a catalyst, this reaction was promoted and three oxidation products were created. Two compounds were easily identified by retention time of standard reagents such as cyclohexanone and cyclohexanol among these products. Another is speculated as cyclohexyl hydroperoxide from fragmentation patterns in the mass spectrum. It was reported [45] that cyclohexyl hydroperoxide was prepared efficiently and selectively using cyclohexane and H2O2 over Fe 3+ ion-changed montmorillonite. We identified one of the oxidation products as cyclohexyl hydroperoxide by the compound obtained following this examination. The conversion of cyclohexane was ca. 25%.
The cyclohexyl hydroperoxide was produced immediately as soon as the reaction started. Additionally, it was detected only in oxidation reactions with Fe2O3 or -FeOOH as a catalyst. It was found that cyclohexanone and cyclohexanol were produced via cyclohexyl hydroperoxide as an intermediate which was obtained by reacting cyclohexane and H2O2 ( Figure 14 ). 
Conclusion
Fe-imogolite was synthesized using Na4SiO4, AlCl3 and FeCl3 with the atomic ratio Fe / (Al+Fe) = 0.05 and applied as a liquid-phase oxidation catalyst with hydrogen peroxide.
The XRD profile and FT-IR spectrum of this material were similar to the synthetic imogolite. AFM images showed fibrous morphology with ca. 2 nm of diameter. UV-VIS and X-ray absorption spectra revealed the state of Fe 3+ to be in the octahedral coordination. It was found that Fe-imogolite played as an oxidation catalyst of some hydrocarbons such as cyclohexane, benzene, phenol, toluene and cyclohexane with hydrogen peroxide. The oxidation reaction of cyclohexene was promoted by using Fe-imogolite instead of imogolite as a catalyst. It gave 2-cyclohexene-1-ol, 1,2-epoxycyclohexane, 1,2-cyclohexanediol and 2cyclohexene-1-one as products. Phenol was produced by the oxidation reaction of benzene. The benzene ring in the aromatic hydrocarbons such as phenol, chlorobenzene, toluene and benzaldehyde was oxidized. Moreover, when the side-chain is a hydrocarbon group, sidechain group was also oxidized. It could be more easily oxidized than the benzene ring. Cyclohexyl hydroperoxide, Cyclohexanone and cyclohexanol were obtained as oxidation products of cyclohexane. It was clarified found that cyclohexanone and cyclohexanol were produced via cyclohexyl hydroperoxide. The possibility of Fe-imogolite as an oxidation catalyst is shown. However, its reaction mechanism has not been clarified yet. It is necessary to investigation the catalytic properties and the structure of Fe-imogolite further.
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